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Energy storage systemFor the ﬁrst time, we proposed the proof-of-principle of a new concept of ionic supercapacitor systems on
the basis of the system- and ion-level design. In this system, multiple-valence metal cations can be transformed
to electroactive colloids in alkaline electrolyte, which can perfectly participate in Faradaic reactions. The design
of ionic-state colloid electrode, which consists of electroactive cationic media within the whole colloids, can
represent a new promising strategy to increase the energy density of pseudocapacitors without the compromise
of power and lifetime performances. Therefore, high power density and energy density can be achieved in the
designed ionic pseudocapacitor systems. This novel concept of ionic supercapacitor systems by ion- and system-
level planning can open a new direction for the development of the next-generation of high-performance
supercapacitors.
© 2014 Elsevier B.V. Open access under CC BY-NC-ND license.Energy storage devices are some of the most promising and impor-
tant environmental technologies that are highly inﬂuential in advancing
our civilization's abilities and standard of living [1–4]. Today, electro-
chemical capacitors, also called supercapacitors, have the potential to
emerge as a promising energy storage technology, due to high levels
of electrical power and long operating lifetime [5–7]. The ﬁrst patent
of supercapacitors was developed as far back as 1957 by Becker, using
high surface area carbon as electrodes [8]. The ﬁrst attempts to market
such devices were developed in 1969 by SOHIO [9]. Only in the nineties
electrochemical capacitors became famous in the context of hybrid elec-
tric vehicles [10]. The weakness of supercapacitor systems is certainly
the limited energy density, which restricts the applications to power
delivery over only few seconds. Since the energy density is the product
of capacitance and squared voltage, strategies aimed at increasing both
of them are of particular importance [5]. In order to overcome the chal-
lenges, numerous attempts are focused on developing high-capacitance
electrode materials and high-voltage electrolytes [2,5]. Electrical double-
layer capacitors (EDLCs) can store electric charge by electrosorption of
ions on porous carbon electrodes [11]. However, the charge is conﬁned
to the material surface, so the energy density of electrochemical doubleare Earth Resource Utilization,
my of Sciences, Renmin Street,
294.
Y-NC-ND license.layer capacitors is less than that of batteries [11]. In order to solve the
drawbacks, pseudocapacitors were developed to provide higher energy
densities. In the 1970s, Conway et al. recognized that reversible redox
reaction can occur at or near the surface of RuO2 materials [12], which
can result in much greater charge storage. These pseudocapacitors often
use redox-active materials such as metal oxides, conducting polymers
as electrode materials. Further optimization of these materials toward
high-performance pseudocapacitors has been focused on the following
aspects: 1) the synthesis of nanosized and nanostructured electrode
materials, delivering high surface-area utilization; 2) the increase of the
conductivity of pseudocapacitors by loading activematerials onto a highly
electronically conductive supporting medium; 3) the development of
battery-electrode materials with pseudocapacitive charge storage; and
4) the design of hybrid supercapacitors using battery-electrode materials
[13]. However, these inorganic pseudocapacitors usually suffer from
shorter cyclic lifetimes and lower powerdensity, due to charge storage re-
action going from the surface to the bulk. The novel design on inorganic
pseudocapacitors with both high energy and power densities is urgently
for next-generation high-performance supercapacitors.
Current supercapacitors are limited by severe electrode and electro-
lyte material challenges, and breakthrough materials with signiﬁcant
improvements are needed to move the ﬁeld forward [14]. Recently,
system-level planning of theoretical and experimental efforts is increas-
ingly important for the development of modern materials science [15].
Therefore, the development of high-performance supercapacitors by
Fig. 1. Comparison of new ionic and traditional pseudocapacitors. (a) New ionic
pseudocapacitors. With ionic-state colloids as electrode material, Faradaic redox reaction
can occur in whole colloids. High energy density can be obtained due to the high cation
utilization ratio in active colloids. (b) Traditional pseudocapacitors. Reversible redox
reaction can occur only at or near the surface of an appropriate electrode material, while
most materials cannot be utilized toward redox reaction. Low energy density can be
obtained due to the low cation utilization.
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research direction. In addition, the understanding and design of the
electrode materials from atomic/ionic level can promote the progress
of supercapacitor essentially. It seems clearly that there is a trend to-
ward an emerging new ﬁeld of ionic supercapacitor systems, including
system- and ion-level study and design of electrode and electrolyte
systems. For the ﬁrst time, we proposed the proof-of-principle of a
new concept of ionic supercapacitor systems based on the system- and
ion-level design, where multiple-valence metal cations can be trans-
formed to active colloids in alkaline electrolyte that can perfectly
participate in Faradaic reactions [16–19].Table 1
Theoretical and practical ionic capacitance data of typical metal cations, and their involved Far
Active ion Faradaic reaction Theoretical io
Cu2+ Cu+↔ Cu2+ + e− 5061 (0.3 V, 1
Fe3+ Fe2+↔ Fe3+ + e− 3833 (0.45 V,
Co2+ Co2+↔ Co3+ + e− 3898 (0.42 V,
Ce3+ Ce3+↔ Ce4+ + e− 1719 (0.4 V, 1
Yb3+ Yb2+↔ Yb3+ + e− 1358 (0.41 V,
Yb2+↔ Yb + 2e− 2716 (0.41 V,
a Voltage window and the number of transferred electrons were indicated.Therefore, the design of ionic-state colloid electrode materials,
which consists of electroactive cationicmediawithin thewhole colloids,
can represent a new promising strategy to increase the energy density
of pseudocapacitorswithout the compromise of power and lifetimeper-
formance (Fig. 1a). Redox reactions can occur at the whole colloids,
leading to high cation utilization ratio. The pathway for electron transfer
and ion diffusion can be shortened, thus the kinetic limitation in these
ionic-state colloids can be further eliminated. High power and energy
devices can be designed according to this novel strategy. The in-situ
formed colloids have been proven to deliver high speciﬁc capacitance
during the electrochemical reaction (Table 1) [20–23]. In contrast, the
electrode materials formed by the traditional synthesis procedures can
show limited capacitances with low material utilization ratio, because
the Faradaic redox reaction mostly occurred at or near the surface of
traditional electrode materials (Fig. 1b).
Materials that can facilitate multiple electron transfer per atom can
increase the energy density signiﬁcantly. Compared with theoretical
ionic capacitance and practical ionic capacitance of these active cations,
the inherent redox mechanisms can be identiﬁed. The speciﬁc capaci-
tances of Cu2+, Fe3+, Ce3+, and Yb3+ ionic pseudocapacitors are beyond
the theoretical one-electron capacitances, indicating that two-electron
redox reactions also occurred in these systems besides one-electron
redox reaction. These results conﬁrmed that our designed ionic
pseudocapacitors can highly efﬁciently utilize the active cations toward
Faradaic reactions, andhigh energy density can be obtained by the occur-
rence of multiple electron transfer reaction per atom.
Our designed alkaline ionic pseudocapacitor systems include a tran-
sitional metal salt electrode and an alkaline electrolyte operating at
room temperature. As shown in Fig. 2, our ionic pseudocapacitor system
can be formed by the following successional steps: 1) the fabrication of
inorganic salt electrode by a traditional slurry-manufacturing route, 2)
the formation of colloids by in-situ electric-ﬁeld-assisted chemical
coprecipitation, and 3) the production of active colloids and the delivery
of pseudocapacitance by in-situ Faradaic reaction. According to the tra-
ditional slurry-manufacturing route, the slurry mixed with commercial
metal salts, carbon black, and poly(vinylidene ﬂuoride) (PVDF), was
pasted on a Ni foam current collector as a working electrode (Fig. 2b).
After measuring in 2 M KOH electrolyte, electroactive hydroxide
colloidswere formed by electric-ﬁeld-assisted chemical coprecipitation.
Immediately, pseudocapacitive Faradaic reaction occurred at the same
electrode. After undergoing the in-situ phase transformation and elec-
trochemical reactions, commercial inorganic salts were transformed
into electroactive colloids (Fig. 2a). The formed reactive colloids were
adsorbed at the surface of carbon/PVDF matrix. The speciﬁc electrode
conﬁguration can shorten diffusion path of ion/electron and can
enhance electrochemical utilization ratio of active metal cations, thus
high speciﬁc capacitance can be obtained. The ionic-state colloids can
favor the full utilization of redox-active cations in Faradaic reaction,
thus increasing the energy density of pseudocapacitors. The efﬁcient
manipulation of active cations is a powerful way for developing high-
performance pseudocapacitors.
In our designed ionic pseudocapacitor system, the suitable cations
should be multivalent and easily bonded with OH− ions (electrolyte
ions herein) to form active colloids (i.e., oxides with crystal water mol-
ecules) that function as Faradaic reactants in alkaline supercapacitoradaic reactions as well.
nic capacitance (F/g) Practical ionic capacitance (F/g; initial salt)
e)a 5442 (CuCl2)
1e) 4729 (FeCl3)
1e) 1962 (CoCl2)
e) 2060 (Ce(NO3)3)
1e) 2210 (YbCl3)
2e)
Fig. 2. Schematic drawing of system- and ion- level design of ionic colloid supercapacitor system. (a) Highly electroactive colloids were formed by electric ﬁeld assisted chemical
coprecipitation. (b) The preparation and reaction process of inorganic salt electrode in KOH electrolyte. Faradaic reactions of electroactive colloids occurred at the same time and
the same electrode, with the corresponding Faradaic redox reactions of Mz+↔M(z − 1)+. The enhanced electrochemical performance mainly originates from the in-situ electric-ﬁeld-
assisted activation of colloids during the chemical coprecipitation and Faradaic redox reaction.
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Faradaic redox reactions, which can thus store chemical energy, further-
more, these cationswill be lost in aqueous electrolyte if they do not have
chemical coprecipitation reactions. The electrochemical performance of
supercapacitor depends on electron transfer process between different
oxidation states (Faradaic redox herein). The oxidation of lower valent
cations needs to release electron, while the reduction of higher valent
cations needs to capture electron. The electronegativity of cations can
be used to identify suitable cations with better electrochemical perfor-
mances. In this work, all selected cations can satisfy these requirements
toward high performance ionic supercapacitor systems.
Electronegativity has long been recognized as an attracting power
between atoms (or cations) and electrons [24,25]. The cations with
different oxidation states show different electronegativity values
(Fig. 3), which enable them to release or capture electrons during
Faradaic reactions. The ionic electronegativity of a cation was deﬁned
as “the electrostatic potential at the boundary of an ion caused by its
effective nuclear charge”. As shown in Fig. 3, a moderate ionic electro-
negativity is required toward high efﬁciency redox reaction (i.e., revers-
ible redox reaction), the electron can be ideally transferred between
multivalent cations. In this case, the initial cations (i.e., water soluble in-
organic salts) need to have a moderate electronegativity, the selected1.1
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Fig. 3. Electronegativity identiﬁcation of active cations used in our designed alkaline ionic
pseudocapacitors. Ionic electronegativity of the selected metals with different oxidation
states can be found in Ref [24]. Red-line rectangle shows the metal cations used in our
works.cations used in our designed ionic pseudocapacitor systems, fall in the
range of 1.2–1.5. Therefore, electronegativity can be a promising
theoretical model to identify the redox-active cations, which can be
used in alkaline ionic pseudocapacitor system, and to forecast their
electrochemical performance.
The prospect of developing supercapacitor system with the
energy density of batteries and the power density and life cycle of
supercapacitors is an exciting direction than has yet to be realized
[11]. The batteries and supercapacitor systems have some common op-
erating principles. For example, both pseudocapacitors and batteries
rely on electrochemical redox reaction processes, where electric energy
is stored as chemical energy by the valence change of active cations. In
our designed alkaline ionic supercapacitor system, high energy density
and high power density can be achieved in the ionic-state colloid
supercapacitors. The active cations in our designed ionic-state colloid
supercapacitors can be fully used in redox reaction, and multiple-
electron redox reactions can also occur, which favor the high energy
storage. The ionic-state colloid conﬁguration can shorten the transport
paths for ions and electrons, thus high power density can be obtained
due to the fast redox reaction provided. Therefore, both increasing
the power density of batteries and enhancing the energy density of
supercapacitors can be achieved in this ionic-state colloid supercapacitor
system,which narrows the gap between inorganic pseudocapacitors and
batteries.
In summary, for the ﬁrst time, we proposed the proof-of-principle of
a new concept of ionic supercapacitor systems on the basis of the
system- and ion-level design, where the formed active colloids trans-
formed from the multiple-valence metal cations in alkaline electrolyte
can highly efﬁciently participate in Faradaic reactions. The design of
ionic-state colloid electrode, which consists of electroactive cationic
media within thewhole colliods, can represent a new promising strate-
gy to increase the energy density of pseudocapacitors without the
compromise of power and lifetime performance. Ionic electronegativity
can be provided as the theoretical guideline to identify the redox-active
cations for ionic pseudocapacitors system. This novel design on inoic
pseudocapacitors will facilitate progress in this important ﬁeld of the
electrical energy storage.
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